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Abstract. 

We report the detection of quantum confinement in single InAs-InP core-shell 
nanowires. The wires having an InAs core with ~ 25 nm diameter are characterized 
by emission spectra in which two peaks are identified under high excitation intensity 
conditions. The peaks are caused by emission from the ground and excited quantized 
levels, due to the quantum confinement in the plane perpendicular to the nanowire 
axis. We have identified in the emission spectra different energy contributions related 
to the wurtzite structure of the wires, the strain between the wurtzite core and shell, 
and the confinement energy of the InAs core. Calculations based on 6-band strain- 
dependent k ■ p theory allow the theoretical estimation of the confined energy states 
in such materials and we found these results to be in good agreement with those from 
the photolumincscence studies. 

PACS numbers: 78.67.Lt, 73.21.Hb 
1. Introduction 

The investigation of the properties of nanometer-size materials is an essential step 
towards a better understanding of the fundamental physics underlying their behavior 
and hence to further developments in nanotechnologies. Semiconductor nanowires 
(NWs) have the double feature of providing a tool for the study of the physical 
properties of low-dimensional systems and, at the same time, to provide the building 
blocks of electronic and photonic nanoscale devices pp. Nanoscale field-effect transistors 
[21 El IH El E], inverters [51 E], and logic gates [6] are some examples of NW-based 
devices. One-dimensional (ID) electronics can also take advantage of the growth of 
heterostructures along the NW has been demonstrated in resonant tunneling 

diodes [7] and single-electron transistors [8]. Concerning photonic applications, devices 
such as LEDs |3], photodetectors [9], and lasers pm [H] based on NWs have been 
reported. The results achieved so far are encouraging to pursue developments in the 
bottom-up fabrication approach and, at the same time, to call for investigations of the 
electrical and optical properties of NWs to define the conditions for future applications. 
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The NW structure is a favorable environment to achieve ID systems, i.e. to force 
the motion of the electrons along only one direction, the NW axis. Indeed, if the 
NW diameter is small enough, the electrons will be confined by a potential well in 
the radial direction with a consequent energy quantization in that plane. Hence NWs 
exhibit physical properties which are intrinsically different from those of quantum dots 
and bulk materials. The Bohr radius of the exciton in a bulk crystal [T2l [T3] provides 
the length scale for the onset of quantum-confinement effects. This implies that in the 
nanowires presented here quantum confinement can be observed when the core diameter 
is smaller than 35 nm, the exciton Bohr radius in bulk InAs. When this condition is 
met, we expect the formation of quantized levels in both conduction and valence bands 
of the semiconductor. Analogous to what happens in a quantum well, the bandgap in a 
quantum wire is larger than the gap of the bulk material. Moreover, transitions between 
the localized quantum levels now become possible. 

Electron quantum confinement was demonstrated via photoluminescence (PL) 
measurements in GaAs [2] and InP [T5l [T6] nanowires as a blue-shift of the emission 
energy with decreasing diameter of the wires, and via scanning tunneling microscopy 
(STM) in Si nanowires [TTj . In InAs nanowires with diameter smaller than 30 nm the 
observed drop in the wire conductance was explained as an effect of the quantum 
confinement [18]. We report here studies of quantum confinement effects in InAs- 
based NWs. The wires were grown via Chemical Beam Epitaxy (CBE) and the 
optical characterization was performed via low temperature micro-photoluminescence 
measurements (/x-PL) on single NWs. Due to the low emission efficiency of un-capped 
InAs NWs, we chose to study InAs-InP core-shell structures similar to those reported 
in [19]. The shell material provides a passivation of the core surface, hindering the non- 
radiative electron-hole recombination through surface states, a mechanism that limits 
the emission efficiency of the core. 

After taking into account the shift towards higher energies due to the strain and to 
the wurtzite structure of the InAs NWs, we have found that the PL peaks are further 
blue-shifted with respect to the bulk energy gap of the zinc-blende phase due to quantum 
confinement. Besides that, as a clear signature of level quantization, we report the 
observation of the first excited state above the gap. We compare the experimental 
results to accurate calculations based on 6-band strain-dependent k • p theory in the 
so called envelope function approximation [20] and we find good agreement between 
experiments and theory. 

2. Methods of investigation 

2.1. Sample fabrication 

The nanowires are grown using CBE, which is a high vacuum growth technique similar 
to Molecular Beam Epitaxy, but using organometallic source molecules. The material is 
supplied in a beam directed towards the sample [211 [22] arid - due to the low pressure 
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- the mean free path of the material is much longer than the chamber size. The first 
step of the sample fabrication is the deposition of Au aerosol particles on a InAs(lll)B 
substrate. The aerosol particles are produced in a home built system [23], where Au 
is evaporated, condensed and size selected. The size selection is important since it 
determines the diameter of the nanowire. In this study we used Au particles 20 nm 
and 40 nm wide, leading to ~ 25 nm and ~ 45 nm core diameters, respectively. The 
Au particles enhance the growth rate beneath them, resulting in rod like structures 
on the surface with the Au particle sitting on top, schematically shown in figure dh- 
The most referenced growth model for nanowires is based on the Vapor-Liquid-Solid 
(VLS) mechanism [21], in which material is supplied in the vapor phase which preferably 
condenses on the liquid metal-semiconductor alloy. This creates a stronger driving force 
for growth at the liquid-solid interface compared to the vapor-solid interface and growth 
material precipitates out into the crystal from the alloy. However, since the growth 
temperature is lower than any melting point in the phase diagram, the nanowires in our 
system grow from a solid particle. This has led to the suggestion of Vapor-Solid-Solid 
(VSS) growth [251 [26]. 




Figure 1. (a) Schematic representation of the growth process of InAs-InP core-shell 
NWs and (b) SEM image of the as-grown wires (25 nm core diameter, 20 nm shell 
thickness). 

We have grown InAs wires at 425 °C, under condictions resulting in a wurzite 
crystal structure of the core, and then lowered the temperature to 370 °C and switched 
precursors to allow for radial (20 nm thick) InP growth as in [19] . A Scanning Electron 
Microscope (SEM) image of such a sample can be seen in figure [lb at an angle of 
30°. The sources used are Tertiarybutylarsine (TBAs), Tertiarybutylphosphine (TBP) 
and Trimethylindium (TMIn) for As, P and In, respectively, and the corresponding 
pressures in the gas lines to the growth chamber are 1.5 mbar, 3.0 mbar and 0.15 mbar. 
The TBAs and TBP are thermally cracked upon entering the growth chamber while the 
TMIn decomposes on the substrate surface. During the shell growth, the axial nanowire 
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growth is not fully suppressed and InP grows under the Au particle under non-ideal 
conditions, as can be seen in figure [lb as an extra feature at the top of the wires. 

2.2. PL Measurements on single NWs 

After growth, the NWs were mechanically transferred onto a gold patterned Si/Si02 
substrate where single wires could be located and their optical properties studies on a 
single NW level. The substrate with the wires was inspected using an optical microscope 
(100 x objective, dark field) and - after PL measurements - a SEM to identify the 
single wires more suitable for the optical characterization, i.e. those wires which are 
well isolated and far from any other particle eventually present on the substrate by 
more than ~ 20/im. The spectra from single NWs were obtained using a /x-PL setup 
optimized for detection of radiation in the near IR (0.9/um - 2.0/mi). The NWs were 
excited with the 532 nm line of a frequency doubled Nd-YAG laser. The laser light 
was focused onto the sample, mounted on the cold finger of a continuous flow helium 
cryostat for low temperature (~ 5 K) measurements. The light emitted from the NW 
was collected by a long working distance reflective objective (NA = 0.28) of a microscope 
and was focused onto the entrance slit of a spectrometer. Then the emitted light was 
imaged or spectrally dispersed on the HgCdTe focal plane array of a liquid N 2 cooled 
camera. 

2.3. Calculations 

For the interpretation of the experimental results, we initially computed the strain 
tensor profile of the NWs using linear continuum elasticity theory. Our calculation is 
fully three-dimensional and was done on a 100 x 100 x 100 grid where the strain energy 
was minimized by the conjugate gradient method. Using the so-obtained strain tensor 
element we computed the electronic states within the so called k • p theory allowing 
mixing among six bands in the valence band [27] . The conduction band was treated 
in the single-band approximation. We included the piezoelectric polarization in the 
calculation. Since the structure is a wire we have a continuum of states and it was 
necessary to compute a large number of eigenvalues in order to identify the radially 
excited states. The differential system was discretized on a grid and formulated as a 
finite difference problem. In order to get reasonable computing times we truncated the 
grid from 100 x 100 x 100 to 60 x 60 x 60 when doing the electronic structure calculation. 
In contrast to the power-law decay of the strain, the wave-functions have an exponential 
decay in the barrier and it is thus appropriate to use a smaller box for the electronic 
calculations than for the strain calculations. The Lanczos algorithm was used to fit the 
eigenvalues. 
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3. Results and discussion 

To find evidence of quantum confinement effects in InAs NWs we considered here two 
sets of NWs differing in their diameter, i.e. 25 nm and 45 nm in diameter. The PL 
spectra from such wires are shown in figure [2^ and for 45 nm and 25 nm core width, 
respectively. At low excitation power density, a single peak is detected at about 771 meV 
(FWHM = 50 meV) and 703 meV (FWHM = 60 meV), respectively. Evidence of state 
filling is visible in both spectra as an energy blue shift of the main peak with the increase 
of the excitation power density [28] . The striking difference between the two samples is 
that in the emission from the 25 nm wire at high excitation power density two peaks are 
visible at energies of about 781 meV and 831 meV. This can be interpreted as evidence 
of energy quantization in the radial direction, where the low and high energy peak can 
be interpreted as the ground and first excited quantized levels, as we will discuss in this 
section. 
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Figure 2. PL emission spectra at different excitation laser densities from 45 nm- 
20 nm (a) and 25 nm-20 nm (b) core-shell InAs-InP single NWs. In the 25 nm core 
wire the two peaks from the ground state and first excited quantized states are visible. 



In the analysis of these emission spectra one should consider the fact that there 
are different effects contributing to the blue shift of the wire emission compared to bulk 
InAs zinc-blende. First of all, the shell thicknesses of both NWs were 20 nm, so the 
energy shifts due to the strain is larger for the small core diameter wire, resulting into 
a higher emission energy. 

We should also take into account the fact that these NWs have wurtzite (wz) crystal 
structure, while zinc-blende (zb) is the crystal structure observed for bulk InAs and 
InP compounds. The wurtzite phase is demonstrated by the TEM analysis performed 
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on such wires. Figure shows the TEM image of a bare InAs NW together with 
the Fourier transform of the image, from which the lattice constants are measured as 
a W z = 4.2839 A and c = 6.9954 A. This fact affects the energy gap of both materials, 
so that the wz phases have a larger gap relative to the zb phases as theoretical studies 
based on Density Functional Theory (DFT) reveal [291130] . We should mention that the 
energy gap predicted via DFT is usually underestimated because it is an excited state 
property and can be correctly described using Many-Body Perturbation Theory. This 
treatment is beyond the purview of this article and the reader is referred to the work 
done by one of the authors on the calculation of the quasiparticle band structure in the 
so-called dynamically screened exchange approximation (GWA) [3TL 132] of InAs in the 
wurtzite phase [33] . From this study it has been found that the difference in the energy 
gaps of InAs wz and zb is Agap = 55.7 meV, leading to 470.7 meV as energy gap of the 
InAs in the wurtzite phase at K. 




Figure 3. TEM image (a) and its Fourier transform (b) of an InAs wire (~ 42 nm 
wide). The wurtzite lattice constants are a wz = 2d(010)/ v / 3andc = d(001). (Courtesy 
of Jacob B. Wagner) 

In the case of the InP compound, the energy gap of the wurtzite phase has been 
measured in ~ 50 nm thick nanowires to be ~ 80 meV higher than the one of the 
corresponding zinc-blende phase [M] . Since the increase in energy gap due to the 
wz phase is higher in the InP than in the InAs material system, it follow^ that the 
difference between the "a" lattice constant of the two materials in the wz phase is larger 
as compared to the zb case. Hence the lattice mismatch between the two materials 
is higher when they are in the wz phase and, consequently, the blue shift in energy 
due to strain will be higher when InAs and InP are in the wurtzite phase. We denote 
by Astrain = E stra inwz — E stra inZB the increase in the InAs emission energy due to 
this effect. We can summarize all the mentioned contributions to the InAs emission as 

| In tight binding approximation it can be shown that in direct band-gap III-V semiconductors a higher 
energy gap corresponds to a smaller "a" lattice constant. 
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following 

E = EbulkWZ + E s trainWZ + Eqc , (1) 

where E is the measured emission energy, E^ikwz is the band-gap of the bulk InAs in 
the wz phase and Eqc is the contribution given by quantum confinement. 

From the data and the modelling reported in [19] it is possible to evaluate 
the difference in the confinement energy between the 25 nm and 45 nm core wires 
AEqc = Eqc(25 nm) — Eq C (4:5 nm). Indeed, for each diameter, the dependence of the 
measured emission energy E and that one calculated using 8-band strain-dependent 
k ■ p theory without the inclusion of quantum confinement effects for the zb phase 
(E calc = E bulkZB + E strainZB ) can be written as 

E - E calc = Astrain + Agap + E QC , (2) 

where we use the measured emission energies at low excitation power (771 meV and 703 
meV) and the values obtained from an exponential fit of the calculated data, i.e. 567 
meV and 537 meV for the 25 nm-20 nm and 45 nm-20 nm core-shell wires, respectively. 
Writing equation (j2J) for both (25 nm and 45 nm) core diameters and taking their 
difference leads to AEqc — 38 meV. It is worth noting that this value is obtained 
without any assumption on Astrain and Agap. 

Calculations of the confinement energies and of the energies of the ground (E 0c , E 0v ) 
and first (E\ c , E\ v ) excited states in InAs for both electrons and holes in the InAs/InP 
wire system were performed according to the method outlined in section 12.31 These 
calculations, whose results are summarized in table [Hand are visualized in figure HI were 
done for wires having InAs cores 25 nm and 45 nm wide, which is the expected average 
diameter when the seed Au particle is 20 nm and 40 nm, respectively. The so-obtained 
confinement energy of both electrons and holes leads to Eqc(4:5 nm) = 24.7 meV and 
Eq C (25 nm) = 68.7 meV, hence AEqccoIc — 44 meV. Considering the uncertainties in 
the determination of the actual core diameter, we find that the results agree. 

Table 1. The confinement energies and the quantized energy levels for the InAs wires 
under study, with the inclusion of the strain effects due to the InP shell in zb materials. 
The energies are reported in meV, the lengths in nm. 



Au diam 


InAs diam 
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E\ c 
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20 


25 


54 


14.7 


68.7 


37 


-586 


79 


-605 


40 


45 


14 


10.7 


24.7 


-3 


-582 


16 


-587 



We then compared the calculated transition energies with the measured ones in the 
25 nm wires at high excitation power density. The ground and first excited state emission 
energies are calculated as E = E 0c — E 0v = 623 meV and E 1 = E lc — Ei v = 684 meV, 
respectively. These values have to be compared with the first and second peak in 
the measured spectrum at 781 meV and 831 meV. At first we notice that the energy 
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Figure 4. Location of the quantized energy levels with respect to the band structure. 
The discrete states arc calculated for an InAs-InP 25 nm - 20 nm core-shell wire. 



difference between these peaks is about 50 meV and the calculated one is 61 meV. Hence 
the energy separation of the two peaks is reproduced well (within ~ 10 meV) by our 
theoretical model. Moreover, since the calculations are performed for zb InAs and InP 
materials, the difference between the calculated and measured (at low excitation power 
density) values is given by Agap + Astrain, that therefore amounts to 

Agap + Astrain = 148 meV . (3) 

If we then use the GW value for the difference in energy gaps (Agap = 55.7 meV), 
we obtain Astrain = 92.3 meV. 

4. Conclusion 

In this paper we have reported the optical study and modeling of quantum confinement 
effects in the emission from the InAs core of InAs/InP core-shell strained nanowires. The 
PL measurements performed on single NW having small (~ 25 nm) core diameter are 
characterized by a double peak emission due to the formation of quantized energy levels 
in the band structure. The energy separation between the fundamental and excited 
peak of about 50 meV is well reproduced by the theoretical calculations. Since the 
wires have the wurtzite crystal structure, while the calculations describe zinc-blende 
material systems, we have taken into account the increase in the actual energy gap and 
the difference in the strain between the wurtzite materials. Each of these two effects 
causes a blue shift of the InAs emission to a total contribution of 148 meV. Beside 
this increase in emission energy, the observed fundamental peak is further shifted due 
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to quantum confinement, consistently with the calculations. Finally, we compared the 
experimental and calculated energy difference between the confinement energy in 25 nm 
and 45 nm wires, finding that the two estimations are in agreement. 
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